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Introduction
Phospholipase D (PLD) catalyzes the hydrolysis of phosphatidylcholine (PC) to generate the lipid second messenger, phosphatidic acid (PA), and choline. PLD and PA have been implicated in a wide variety of cellular processes including cell proliferation, survival, vesicle transport, cytoskeletal organization and receptor signaling (Singer et al., 1997; Freyberg et al., 2003) . PLD isozymes contain two highlyconserved copies of the HKD motif (HXK(X)4D), which is essential for catalysis (Colley et al., 1997b) . Two distinct isoforms of mammalian PLD, PLD1 and PLD2, have been identified (Hammond et al., 1995; Colley et al., 1997b) . The activation of PLD plays an important role in regulation of cell function and cell fate via extracellular signal molecules. The factors regulating the activity of PLD have been well characterized, but those defining its cellular localization are nearly unknown. PLD is localized in most, if not all, cellular organelles (plasma membrane, nucleus, endoplasmic reticulum, Golgi apparatus, transport/secretory vesicles), where it likely plays different roles in signal transduction (Liscovitch et al., 1999) . We recently identified the nuclear localization sequence (NLS) of PLD1, and found that itsmutation abolished its nuclear import (Jang and Min, 2011) . We alsoreported that caspase-mediated cleavage of PLD1 generates the N-terminal fragment (NF-PLD1) and C-terminal fragment (CF-PLD1) (Jang et al., 2008) . Moreover, we demonstrated that CF-PLD1, but not NF-PLD1, is exclusively imported into the nucleus via its functional NLS, whereas only some portions of intact PLD1 were localized into the nucleus. The NLS of intact PLD1 or CF-PLD1 is required for interaction with importin-β, which is known to mediate nuclear import. The amount of intact PLD1 or CF-PLD1 translocated into nucleus is correlated with its binding affinity with importin-β (Jang and Min, 2011) . Moreover, we have reported that the association ofcaspase-mediated cleavage fragments of PLD1 through hydrophobic residues within the catalytic motif inhibited nuclear localization of CF-PLD1, and that two catalytic motif and nuclear localization sequences regulated nucleocytoplasmic shuttling of PLD1 (Jang and Min, 2012) . Although the conserved amino acids in the HKD motifs may have dual roles in both the catalytic reaction and the interdomain association, it is unknown whether the hydrophobic amino acids present in HKD motif affect localization of intact PLD1. Thus, the role of the hydrophobic amino acids in the localization of intact PLD1 should be identified. Furthermore, the molecular mechanisms that regulate shuttling between vesicular and nuclear localization of PLD1 remain unknown.
In the present study, we show for the first time that the hydrophobic residues of the HKD catalytic motif present in the N-terminal region of PLD1 are required for targetingPLD1 for vesicular localization and interruption of its nuclear localization. Specifically, we demonstrate that the hydrophobic amino acids involved in the interdomain association of PLD1play an important role inregulation of shuttling PLD1 fromvesicular organelles into the nucleus.
Results

PLD1 is localized in vesicles
Numerous reports based on overexpression have described localization of PLDisoforms to separate regions of the cell. Specifically, PLD1 is localized to endosomal vesicles, the Golgi apparatus and perinuclear vesicles (Colley et al., 1997a; Toda et al., 1999; Lucocq et al., 2001) , whilePLD2 is localized to the plasma membrane (Colley et al., 1997a; Lucocq et al., 2001; O'Luanaigh et al., 2002) . However, localization of the isoforms is clearly complex. In some cells, PLD1 preferentially localizes to the plasma membrane (Vitale et al., 2001) , and it generally cycles between perinuclear regions and the plasma membrane (Brown et al., 1998; Emoto et al., 2000; Du et al., 2003) . Similarly, internalization of PLD2 subsequent to serum (Colley et al., 1997a) or insulin (Rizzo et al., 1999) and stimulation and its localization to early endosomes when one of its several membrane targeting motifs is altered (Sciorra et al., 2002) suggests that it alsocycles regularly from the plasma membrane through subcellular membrane vesicle compartments. We examined the localization of PLD1 using ectopically expressed GFP (green fluorescence protein)-PLD1 in HEK293 (human embryonic kidney 293). Fluorescence microscopy revealed that PLD1 primarily localized in punctate structures such as vesicles ( Figure 1A ). To further confirm the vesicular localizationof PLD1, we fractionated GFP-PLD1-transfected cells into the cytosol and vesicles. The fractions were then immunoblotted with antibody to PLD, which recognizes both PLD1 and PLD2. As shown in Figure 1B , both endogenous PLD1 and ectopically expressed GFP-PLD1 were present in the vesicular fraction. The purity of the cytosolic and vesicular fraction was confirmed by immunoblotting with antibody to the cytosolic marker, α-tubulin. Taken together, thesedata suggest that PLD1 is primarilylocalized in the vesicular organelle.
PLD1 is localized in the late endosome, lysosome and autophagosome
We further examinedwhether PLD1 was localized in various vesicular structures using resident marker proteinsof some vesicles. RFP (red fluorescence protein)-PLD1 were cotransfected with GFP-Rab5 (early endosome marker), GFP-Rab7 (late endosome marker), GFP-Lamp1 (lysosomal-associated membrane protein;lysosome marker)or GFP-LC3 (microtubule associated protein light chain 3; autophago- HEK 293 cells were transfected with the indicated GFP-PLD1 constructs and its localization was observed using fluorescence microscopy. WT, wild type (C) HEK 293 cells were transfected with the indicated GFP-PLD1 constructs and the lysates were fractionated into cytosol (C) and vesicles (V), after which the samples weresubjected to immunoblotanalysis with the indicated antibodies. These data are representative of results obtained from three experiments. some marker) in HEK293 cells. We investigated the distribution of RFP-PLD1 with early/late endosome marker (GFP-Rab5/Rab7), lysosome marker (GFPLamp1) and autophagosomemarker (GFP-LC3). As shown in Figure 2 , RFP-PLD1 co-localized with GFP-Rab7, GFP-Lamp1 and GFP-LC3, but not GFP-Rab5. These findings are consistent with vesicular localization of PLD1 and indicate that intracellular distribution of PLD1 may be related to late endosome-lysosome trafficking or autophagosomal processing.
The hydrophobic amino acids involved in the interdomain association of PLD1 are required for its vesicular localization
We recently reported the importance of conserved hydrophobic amino acids within the HKD catalytic motif for intermolecular association between NF-PLD1 and endogenous intact PLD1 (Jang et al., 2008b) . The integrity of the two HKD domains is essential for enzymatic activity. The hydrophobic residues of PLD1 involved in the intermolecular association are also required for both its enzymatic activity and anti-apoptotic function (Jang and Min, 2012) . The hydrophobic residues (L467, V468, I469 and I470) in the HKD motif sequences are highly conserved in mammalian PLD1 from different species ( Figure 3A) . To examine the involvement of HEK293 cells were transfected with the indicated GFP-PLD1 constructs, and the lysates were then immunoprecipitated with antibody to importin-β, after which the samples were subjected toimmunoblot analysiswith antibody to GFP. The level of GFP-PLD1 and importin-β was determined by immunoblottingusing the indicated antibody. These data are representative of results obtained from three experiments.
residues in the localization of PLD1, we generated GFP-PLD1 mutant constructs of the hydrophobic amino acids ( Figure 3A) . As shown in Figure 3B , wild type PLD1 shows punctate and cytosolic vesicular distribution, but not nuclear localization. Interestingly, as the number of mutated amino acids increased, the punctate form of PLD1 localized in vesicular structure gradually disappeared and its nuclear localization increased. The four hydrophobicamino acid mutation (L467A/V468A/I469A/ I470A) showed the greatest increase in localization of PLD1 into the nucleus ( Figure 3B ). Mutation of H463, an amino acid critical for enzymatic activity, did not affect localization of PLD1. To further examine the localization pattern of these proteins, HEK293 cells were transfected with the mutant constructs and the lysates were fractionated into the cytosol and vesicles, after which they were subjected to immunoblot analysis. As shown in Figure 3C , intact wild type PLD1 was only detected inthevesicular fraction, whereas mutation of the hydrophobic amino acid decreased the amount of PLD1 localized in vesicles. The four hydrophobic amino acid mutant of PLD1 (L467A/V468A/ I469A/I470A) was nearly completely absent from the vesicles ( Figure 3C ). Taken together, these results suggest that the four hydrophobic residues involved in the interdomain association of PLD1 are also required for its vesicular localization.
The hydrophobic residues responsible for vesicular localization of PLD1 interrupt its nuclear localization
We recently reported that intermolecular association of NF-and CF-PLD1 through the hydrophobic amino acids present in the HKD motif results in suppression of nuclear translocation of CF-PLD1. We also found that PLD1 was primarily detected in the cytoplasm, but that a minor portion was also detectedin the nucleus of HEK293 cells, even though PLD1 contains NLS in its C-terminal half region (Jang and Min, 2012) . It has also been suggested that interaction of two HKD motifs prevents exposure of NLS to NLS machinery, such as importin-β, and that HKD and NLS motifs regulate nucleocytoplasmic shuttling of PLD1 (Jang and Min, 2012) . Thus, we attempted to examine whether the hydrophobic residues in the HKD motif of PLD1 also affect its nuclear localization. To accomplish this, HEK293 cells were transfected with wild type or hydrophobic mutant of full length PLD1. As shown in Figure 4A , wild type PLD1 was primarily detected in the cytosolic fraction, whereas translocation of the mutant PLD1 from cytosol to the nuclear fraction increased as the number of mutated residues increased. The four hydrophobic amino acid mutation (L467A/V468A/ I469A/I470A) showed the greatest increase in localization of PLD1 in the nuclear fraction. These results are consistent with those obtained from fluorescence microscopy ( Figure 3B ). We also examined whether the extent of PLD1 localization in the nuclear fraction is involved in the interaction with importin-β. Wild type PLD1 was slightly associated with importin-β, whereas the hydrophobic mutants of PLD1 showed a stronger interaction with importin-β than with wild type PLD1 ( Figure 4B ). L467A/ V468A/I469A/I470A mutant of PLD1 showed the strongest interaction with importin-β. Taken together, these data suggest that the hydrophobic residues responsible for vesicular localization of PLD1 interrupt its nuclear localization. Overall, our results demonstrate that the hydrophobic amino acids involved in the interdomain association of PLD1 play an important role inregulation of shuttling of PLD1 fromvesicular organelles into the nucleus.
Discussion
To the best of our knowledge, this is the first study to demonstratethat the hydrophobic amino acids involved in the interdomain association of PLD1 are required for vesicular localization and interruption of its nuclear localization. Membrane compartments in eukaryotic cells are in constant dynamic flux, withtransport vesicles emerging from donor compartments and being targeted specifically to acceptor compartments, where they deliver cargo through membrane fusion. PLD generates PA, a multifunctional lipid that has been proposed to alter membrane curvature, serve as a protein attachment site, activate selected enzymes or serve as starting material for the production of additional signaling lipids, particularly in the context of membrane vesicle trafficking and cytoskeletal dynamics (Vitale et al., 2001) . PLD is a key facilitator of multiple types of membrane vesicle trafficking events. In resting cells, PLD1 is primarily localized to endosomal vesicles, lysosomes, and Golgi and perinuclear vesicles in multiple cell types. PLD2 has been shown to primarily localize to the plasma membrane. It has also been reported that some factors may be determinants of membrane localization. Specifically, the N-terminal pleckstrin homology domain of PLD1 (Hodgkin et al., 2000) and a central domain of PLD1 (Sciorra et al., 1999) have both been shown to bind phosphatidylinositol polyphosphates, and fatty acylation of cysteine residues within the N-terminus of the protein (Sugars et al., 1999) may also influence membrane association. However, the translocation of PLD from one compartment to other organelles is not well understood. Although collapse of the Golgi apparatus in response to brefeldin A has been reported to alter PLD1 localization to the endoplasmic reticulum and significantly enhance its nuclear translocation (Freyberg et al., 2001 ), we did not observe any nuclear translocation of PLD1 in response to treatment of HEK293 cells with brefeldin A. These discrepancies might be attributable to differences in cell types and/or agonist-activated signaling pathways. The significance of the translocation of PLD isoform from the Golgi apparatus to the nucleus is currently unclear, and the factors defining its localization are even less clear. In the present study, we found that PLD1 was primarily localized in the vesicles using fractionation, and that four hydrophobic residues present in the N-terminal HKDcatalytic motif of PLD1, which are involved in the intramolecular association, are responsible for its vesicular localization. Fluorescence microscopy and fractionation revealed that mutation of all four hydrophobic amino acids dramatically disrupted vesicular localization of PLD1 and increased its nuclear localization. We previously identified a functional and highly conserved NLS required for nuclear import of PLD1 (Jang and Min, 2011) ; however, we have been unable to identify conditions (e.g. growth factors, apoptosis, normal versus transformed phenotype) that might alter the relative distribution of endogenous PLD1 between the cytosolic and nuclear compartments. Although we have disclosed the importance of NLS and its interaction with β-importin in the nuclear localization of PLD1, further study for ligand or condition-induced nuclear translocation of endogenous PLD1 will strengthen the molecular mechanism of nucleocytoplasmic shuttling of PLD1 under physiological conditions. We recently reported that caspasemediated cleavage of PLD1 during apoptosis results in production of NF-PLD1 and CF-PLD1 (Jang et al., 2008) . Interestingly, CF-PLD1 containing the functional NLS, but not NF-PLD1 lacking the NLS, is exclusively imported into the nucleus, whereas full length PLD1 is partially imported into the nucleus. The extent of nuclear localization of CF-PLD1 and full length PLD1 is different, even though these two proteins have the same NLS motif. We also found that intermolecular association between the two fragmentsof PLD1 through hydrophobic residues within the catalytic motif inhibited nuclear localization of CF-PLD1 (Jang and Min, 2012) . Thus, it is suggested that the hydrophobic amino acids in the catalytic motif and NLS regulate nuclocytoplasmic shuttling of intact PLD1. Furthermore, mutation of four hydrophobic residues of full length PLD1 showed a stronger interaction with β-importin than that of wild type orone or two residue mutants of PLD1. Thus, it is possible that PLD1 harboring the four mutated hydrophobic residues may be more easily exposed to NLS machinery such as importin-β than wild type PLD1 and thus, largely localized in the nucleus. In summary, the hydrophobic amino acids involved in the interdomain association of PLD1 play an important role inregulation of shuttling of PLD1 from vesicular organelles into the nucleus through vesicular localization and disturbance of nuclear localization. Further investigation of signal-dependent translocation of endogenous PLD1 from one compartment to other organellesshould help elucidate the role of PLD1 in the compartment.
Methods
Cell culture and transient transfection HEK293 cells were cultured at 37 o C in DMEM (Life Technologies, CA) containing 10% fetal bovine serum and 1% antibiotic-antimycotic. Cells were grown to 50% to 60% confluence for transient transfection using LipofectAMINE Plus (Life Technologies, CA) according to the manufacturer's instructions.
Construction of plasmids and site directed mutagenesis
Cloning of GFP-tagged full length (FL)-PLD1 has been previously described (Jang et al., 2008) . The catalytic active site (H464E) and interdomain-association sites (I470A, I467A/I470A and I467A/V468A/I469A/I470A) of PLD1 were generated by PCR site-directed mutagenesis using a Quick Change Site-Directed Mutagenesis Kit (Stratagene, LaJolla, CA) according to the manufacturer's instructions. Mutation was then confirmed by DNA sequencing. Primers for generation of the H464E, I467A and I470A have been previously described (Jang et al., 2008) . The primers used for generation of the I468A/I469A were as follows:5'-Forward; CACCATGAGAAGGCTGCCGCCGCTGACCAATCGGTG GCC, 3'-Reverse;CCGGTGGCTAACCAGTCGCCGCCGT CGGAAGAGTACCAC. Mutagenesis for generation of I467A/I470A and I467A/V468A/I469A/I470A was performed using I470A-FL-PLD1 and I467A/I470A-FL-PLD1 as a template.
Total vesicle preparation by flotation centrifugation
The procedure for vesicle preparation has been described previously (Lee et al., 2005) . Briefly, buffer (10 mM HEPES, pH 7.2, 10 mM KCl, 1 mM EGTA, 250 mM Sucrose) with protease inhibitor cocktail was used for cell harvest. Cells were disrupted using either an N2 cell disruption bomb (Parr Instrument, Moline, IL) or a Dounce homogenizer. The samples were then centrifuged at 1000 g, after which the supernatant was mixed with iodixanol (OPTI-PREP reagent) to obtain a final concentration of 35%. The mixture was then layered under 30% and 5% step gradient layers and centrifuged at 200,000 g for 2 h, after which total vesicles were collected at the interphase between 5% and 30%, and the cytosolic fraction was collected from the 35% bottom fraction.
Western blotting and immunoprecipitation
The cell lysates were analyzed for immunoblot or immunoprecipitation as previously described (Ahn et al., 2003) using purchased anti-α-tubulin (Sigma, MO), anti-lamin B (Santa Cruz, CA), anti-importin-β (Santa Cruz, CA), and anti-GFP (Santa Cruz, CA) antibody. In addition, rabbit polyclonal anti-PLD1 antibody that recognizes the C-terminal region of PLD1 was generated as previously described (Min et al., 2001) .
Fluorescence microscopy
Cells were transfected with various constructs of PLD1 and incubated with 10 μg/ml Hoechst (Molecular Probe, CA) for 20 min. Cells were then visualized, and images were collected by fluorescence microscopy (Axiovert 200M, Zeiss, Germany).
